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Motivation of the work:

@ Femtosecond optical measurements of complex reflection coefficient
or coefficient of self-absorption is effective tool for WDM & ultrafast
processes diagnostic [1]!

@ Interpretation of modern experiments on intense energy fluxes action
on matter requires to know WDM permittivity £(w) in wide range of
frequencies: from w — 0 till X-ray, wide range of e~ & ion
temperatures T, T;, wide range of densities o.

@ QS operator approach can be used to derive model for €(w) both for
relatively high (T; > Tpei¢) [2] and relatively low (T; < Their) [3]
ion temperatures
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Motivation of the work:

Wide-range over w, T, T;, o model for permittivity £(w) is necessary !

Figure from [Price D F et al, PRL 75, 252 (1995)]:
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FIG. 1. Absorption fraction vs peak laser intensity for aluminum, copper, gold, tantalum, and

quartz targets. In Figs. 1, 3, 4, and 5 laser intensity is the temporal and spatial peak value of
the laser intensity.
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Linear response theory with interband transitions

(D relevant statistical operator, introduced as generalized Gibbs
ensemble, derived from the principle of maximum of entropy:

ﬁrel(t) - Zrel(t)_l exp {_B(ﬁ - MN) + Zn Fn(t)én} ’
Zrat) = Te [=B(H — ) + 5, Fu(0)22].

Lagrange parameters 3, 1 and F,,(t) are introduced to fix given averages:
Tr {énp(t)} = <Bn> =Tr {Bnprel(t)} 3

{B.},n=1...N is the chosen set of observables in the form of
momentum of density matrix for different electron levels:

By =Pp =Y hpynpn,
P

where 1y = ajf  ap.n. Py, = MOE, ,/0p, Epp = p?/(2my) + E,
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Linear response theory with interband transitions

@ relevant statistical operator, introduced as generalized Gibbs
ensemble, derived from the principle of maximum of entropy: J

preat) = Zra(t)™ exp [ ~BUH — ) + 52, Fu(t) B,
Zral(t) = Tr [-5(1& —uN)+ 3, Fn(t)fen} :

Note: more general case, with L-th moments of density operator:
{BL},n=1... N is the chosen set of observables in the form of
momentum of density matrix for different electron levels:

B, =P, = Z hpn(Ep,n/T)(L_l)m”P,” b

p

where np, n = a;nap’n, py, = mOE, ,/0p, Ey,n = p*/(2my,) + E,
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Linear response theory with interband transitions

@ Non-equilibrium statistical operator /(t) is determined by the
dynamical evolution of the system with Hamiltonian Hyp = H + Hem( )
and relevant statistical operator p.;(t)

t
p(t) = lim € / dt'e= Ut pre ()T (1,1),

e—0 — o
ih@tU(t t') = I:Itotf](t t'), Hiot = H + Hepe,
Hew(t) = —eRE(t), R= _ #; R= >, Po/m.

If response parameters F), (¢ ) are small = expansion of prel( ) and
Dirrel(t) = p(t) — prei(t) over F,(t) = linear response equations

Z {Cnm — iw*nnm} Fm = Znnm y

<pn> = eE/wa.u. Z nnm-/rm

for dimensionless response parameters F,,, and average momentums
(P,), expressed in terms of dimensionless correlation functions:
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Linear response theory with interband transitions

dimensionless response parameters F,,, and correlation functions 1,,,,,, €,

¢ _ <Pn,Pm>w+7,0 _ w .
mT ’ nm mTwa .. [ Wa.u. ’

mTW&u. (P’ﬂpm)
= Fmiy nm = e
eE K

(A; B) = foﬂdTTI‘ {A(—’I;hT)B+po}, (A; B). =[5 dte™ (A(t),B)

!

current J = e 15” and permittivity € are expressed via response
n p y p
parameters and correlation functions:

ne? z/wz

= E nmY m =1- 5
J Zmn F = |e(w) T iv(@)/w

MWg.y.

with complex effective collision frequency:

V(W) = Wa.u. [zw* + Q;1:|a Qw = Zn Sn]:'ru Sn = Zm Nmns Mmn = 6mnNm/NZ

In two-level system:

Qu = [S%Um + 83U — 25152U21}/ {U22U11 - U221], Unm = Com + Wi lhnm
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Correlation functions for e-e & e-i interactions:

H= ZE a ap—l—ZV;l +kap—i— Z Veo (K p1+ka’T2 wlpyp, | =

Plpzk

correlation functions in screened Born approximation [1-3]: €,,,,, = €%+ ¢¢i

* dx RS (z,y)
ei 1 _ nm 1
Coim /fscr /_Oomw+i5—xn

/ y [ e ),
3\[7‘(2 ser( oo T WHIO—2

F (y) are screening functions.
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1 4 efn—(=/y=v)*
1+ efu—(x/y+y)?

Qtee

1+ efu_(z/y“"y)2

1+ ee“(z/yy)Z]
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Correlation functions for e-ph interactions:

with Frohlich Hamiltonian:

H = ZEk,na\;nak,n + Z hwq,kb;Abq,% + Z gx(g,m,n’, /\)a;r+q,nak,n’(bq+,>\ +b-g2)

kyn q,\ k,q,n,n’ X

—i/h ,m
Com = mwa/.u. Z}\ {gpfqu(% m,n) [Kg—q,m- [Mp—g.n(1 = 1pm) + (Np—gn — Tip,m ) Ng A
P9,
—Kff’_”;n_ [np,m (1 = np—g,n) — (Np—g,n — Np,m) N, ,A]]pz(pz —q-)

—0mn Z Ip—a9p(q,i,m) [Kzz:jgﬁl [7p,n (1 = Nptq,i) + (Np,n — Nptq,i) Ng

—K;’;‘fi [Mp+a,i(1 = 1pn) = (Mpn — np+q,i)Nq7>\ﬂpz} >

E -E
Ap+q,m — pt+qg,m P,n :tw 2
KPtom _ 1 1 1 p.n,E B Y
p,n,t T X ptqm p+g,m p+q,m ~ E —E
: w+ A w—A p+am _ Eptgm=Epn T
Ap,n,:l: +Bpnk Py, Ap,n,i = 7 £ wg,x T;n )
—1 1 2
Epn—mp)/T. T; p
Npn = [1 —|—6( pon—H)/ e] | Ny = [ewq,)\/ ion __ 1] i Epn = o +E,
n
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Correlation functions for e-ph interactions:

With e™-phonon coupling function for longitudinal optical phonons, w,; = wyo.
92 = Gro (q)2 = 27‘(62th050070/[(]290], [G. D. Mahan, Many Particle Physics, 2000]:

o0 oo

Con = _Ti Jydy [ dxXpn(z)AF, (z,y) — > €9,
0 —oo i#n
€= 5= [dy[de] (5 + 2 4+ ) AFn(e,y) + " AFn(2,9)] Xoun (2)
+ (£ -2 +y) AFun(e,y) + B AFun(2.9)] Xom(@)]
1/p(z, o) 1/¢(z,a) 1 1
an = ; - -
() [w +id + ¢(z, 1) + w10 —p(z,1)] | etrtdwnm — 1  edowro — ]

@(xat) =T+ Wpm — tWro,
AFpn(z,y) = Fi(A™(2,y)) — Fi(AL(z,y), Fi(t)=In(1+1),
AFn(w,y) = Fa(A™(2,y)) — Fa(AL(z,y)), Fa(t) = In*(t) + 2 Lia(—1),
AT (z,y) = exp [(x/y £ y)? + (Bm — p)/Te] ,

w = lehfw/Ter Wro = iiWLO/TSx Wpnm = %l(En - E’m)/TEv Q= Te/Tion

n
+
n
+
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Correlation functions for e-ph interactions:

With e™-phonon coupling function for longitudinal optical phonons, w, = wye,
g2 = GJio (q)2 = 27r6277w,_0500’0/[q290], [G. D. Mahan, Many Particle Physics, 2000].

gmzn— imy fdyfdx{ [(;—; — y) AFpn(z,y) + mleﬁmn(ﬂcay)} Xinn (2)

+ the same with m n} ,

an(w):[ 1/o(x, ) N 1/o(x, @) H 1 1 ]

w+i0+@(x,1)  w+id —p(x,1)] [etrthonm — 1 elawio — 1

(,D(Qf,t) =T+ Wy — tWro,
AFn(z,y) = Fi(A™(2,y)) — Fi(AL(z,y)), Fi(t)=In(1+1),
AFn(z,y) = Fa(A™(2,y)) — F2(AL(z,y)), Fa(t) = In*(t) + 2 Lia(—t),
AT (z,y) = exp [(z/y £y)* + (Bm — p)/Te]

w = lehw/va Wro = %EWLO/T(J,: Wpm = le(En - Em)/Tex o = TEi/EOn
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Simplified expression for real part of ¢,

11~ 7173
Wa.u.€eff

/00 . 1—|—exp{,u/Te— [y—(wLo—Fow)/yr}
x | ydyln
0

1+ exp {u/Te - [y + (w0 + aw)/yr}

o= MO mtng g~ (o] 17— etoe )

NeA3 = wro(a — 1) — ow

w = lehw/Te: a)au = hwau/Te: o = Te/Tionx

Wio = itho/Te is the frequency of longitudinal optical phonons.

Without contribution of interband transitions and in
. . . V(w) = We.u.C11
single-moment approximaion
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Some asymptotics

The case of small phonon frequencies, fiw o <K 1o, fuwo K T;

1) for high laser frequencies, hw > T.:

o m3/3 Tion
U 1825 2726V - o |

2) for low laser frequencies, w < w,o:

17 w << Wro,
9/4, w=uwo

2
/ m Tion

U o2 g 2T 2V - T,

(Ep/T.) 32 In(1 + e*/T) x {

or

111 ~ ion/\/ 2726VEF 5 Te << EF’
1~ Tion//272eV - T, |, T.> Ep.
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Numerical example: without Umklapp proceses

E T
ar ho=10% eV
— B — — he=100 eV
“ ol - - - he=20eV
w =L = = = ho=6eV
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Re{v} (Te), for solid-density Al with average ion charge Z = 3, ion temperature
T; = 1eV, for different laser frequencies hw .
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Correlation function for Umklapp processes:

with Hubbard Hamiltonian:

= ~t o~ ~ ~
H = E Ekak,gak’g N E ak+q go’aklfq o k! —o k.o =

k,o k,k’,q,9,0

(m./m)*UT?
¢}, =Cy 3 B Jus
2en —2¢€y w
g i dt 1 B 1 n et/2 + 673/2 I 6t/27 /2 _’_673/2
YT W y et-W _ 1 et—1 et/2-B/2 4 1 et/2-B/2-W/2 4 1
“be,,

ea=Ag/Te, eu=p/Te, B=¢€,+ea, W =hw/Te

Low-temperature asymptotics: Fr/T. > 1, p~ Er, Ag/Te > 1:

272 R2w? , U? ,  Pw?
o= 3 {1 * 4W2T3} o E3 Eu. [T” " ] for o < B
Er + Ag 7l'2 A2E , UQ(EF+AE) 271'2 2
L= — == | ~2—— TP+ A for hw>> F
. hiw [ 3 T o BiB,.hw | ©6 | CE] forhw>hr
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Correlation function for Umklapp processes:

with Hubbard Hamiltonian:

= E Eka,c oOk,o + 2N E Hq gaak,_q Ok —o O, | =

k.,k',q,9,0

(M /m)?U>T?
,11 = CU E%Ea B Jw,
2en —2¢y w
g i it 1 3 1 | €t/2+€_B/2 | et/2— /2+€_B/2
© T W W _1 et—1| " |2 B 1| " | gemBre- W)z 4
—2ey

ea=Ag/Te, €n=p/Te, B=¢+ea, W =hw/T.

High-temperature asymptotics: Er/T. < 1, Ag/T. < 1:

32 B3 (Er 4+ Ag)? , U*(Er + Ag)?
= =B ~ T for hw < FE
Jo = on To 1 B, o< EBrlul,
(Er + Ag)? , U?(1+ Ag/Er)?
= p R P ~ s TR Ep,
J thg 11 ﬁwEa_u' or h&) > F |,U/|
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Numerical example: with Umklapp proceses

Re{v} (T.), Absorption & Reflection
coefficients for solid-density Al with
average ion charge Z = 3, different ion
temperatures T;, for laser wavelength

+ Cauble er al [PRE 52, 2974, 1995]
- Veysman et al [PRE 94, 013203, 2017]
o Povarnitsyn et al [App. Surf. Sci. 258, 9480, 2012]

0 10 20 30 40 —T; = 0.04 eV
‘ ‘ ‘ ‘ ‘ —T) = Ty = 0.083 eV
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002 04 06
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]
- O: )
™~ ar Note: Umklapp & electron-phonon
§?’ i °e® interactions could occure at
Sf ,Tz > Tmelt: if
Y T e T 45/6
o PNy 5. . | S—
0 10 20 30 40 T,eV o, (ZT.[V]) 2013
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Numerical example: W|th Umklapp proceses

Re {v} (T¢), Absorption & Reflection
coefficients for solid-density Al with
average ion charge Z = 3, ion
temperature T; = 0.04eV, for different
laser frequencies hw .

< 0
™~ 3
1l Foe
Rz
0
M ' ' ' ho=10° eV
-Eq [ s = = hp=100 eV
RSN
o ﬁ \\: - === fo=20eV
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:g, I, WO == ho=] eV
5 [T G, N[/ the=02eV
A |
ol ‘ ! :
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T, eV
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Conclusions

@ Simple wide-range (over w) expressions for correlation functions,
complex collision frequency v(w) and permittivity £(w) are obtained
using QS approach, LRT, Frohlich Hamiltonian for e~ -phonon and
Habbard Hamiltonian for e~—e™ interactions

@ The model gives dependencies of v & ¢ due to e~ -phonon
interactions on w, T, and T;. For T, T; > hw, o usual dependence
Re{v} ~ T; follows. Dependence on T, and dependence on T; at
T. < hw,o can be more complex.

@ The model permits one to take into account interband transitions.
Similar approach for accounting interband transitions at higher
electron temperatures can be done with Hamiltonian containing e-e
and e-i interactions instead of e-ph interaction.

@ Model accounts for Umklapp processes and their dependence on w

The material is partly contained at [M.Veysman H.Reinholz G.Roepke, J.
Phys., Conf. Ser., to be published, 2018]
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